ABSTRACT. We have developed a miniature high-power impulse transmitter for radio-echo sounding of glaciers. It features two synchronous second break-down pulse generators operating in a differential configuration. Specifications include bipolar 550 V pulses having rise times less than 2 ns, 512 Hz repetition rate, 180 mA at 10-14 V d.c. operating power, 5 mA standby current and maximum dimension of 12 cm. Because of its small size and low power consumption, the transmitter is suitable for back-portable systems and for towed arrays. The transmitter first saw service in 1990 on Trapridge Glacier, Yukon Territory. Subsequent copies have been used on Agassiz Ice Cap, Northwest Territories, Bering Glacier, Alaska and elsewhere. To date, the maximum ice thickness measured using this transmitter is 825 m, on temperate Bering Glacier.
INTRODUCTION
Impulse radars were introduced to glaciology by Watts and others (1975) and have now become the preferred instrument for ground-based depth sounding of glaciers. The earliest device (Watts and others, 1975; Watts and England, 1976 ) employed a free-running puis er that used avalanche transistors to provide the signal pulse. This design was proprietory but it seems, in fact, to have been a close relative of a standard circuit published by Andrews (1972) . Subsequent improvements to impulse radars have concentrated on increasing the transmitted power, modifying the system for airborne surveys and triggering the transmitter, so that it could be synchro nized with a sampler or digitizer. Triggered transmitters have evolved along two lines: those based on avalanche transistors (Watts and Wright, 1981; Wright and others, 1990) and those based on thyristors (Sverrisson and others, 1980; Walford and others, 1986; lones, 1987; lones and others, 1989) . In this paper, we describe a new transmitter based on avalanche transistors. The trans mitter borrows one feature introduced in lones (1987) and lones and others (1989): solid-state high-voltage switches are operated in a differential configuration. We believe that this is an important design characteristic, because it appears to promote efficient coupling of the transmitter to its antenna and eliminates the need for a balun. Since 1990, the prototype transmitter has been successfully tested in a wide variety of glaciological settings that range from sub-polar and temperate valley glaciers to a small Arctic ice cap. Our purpose here is to offer the transmitter circuit to others engaged in ice-depth sounding.
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TRANSMITTER DESIG N Figure I provides a complete schematic diagram of the pulser. The basic output stage consists of a complemen tary pair of three-transistor avalanche break-down pulsers (QI-Q3 and Q4-Q6) , more correctly called "current mode second break-down" pulsers (Baker, 1991) , that generate symmetric 550 V bipolar steps. The pulsers are triggered simultaneously by current spikes from pulse transformers Tl and T2, which cause one transistor from each string to experience break-down. We constructed a printed circuit board that minimizes path length, inter-trace capacitances and inductances. As a result, the completed transmitter can operate over a wide band of frequencies ranging from I to 200 MHz.
Digital logic controls timing. Trigger pulses delivered to the transformers are created either by an on-board crystal oscillator V5, or by light pulses transmitted to an optical receiver V2. Other features include power wake up circuitry to increase battery life (V4), digital pulse shaping (V4) and voltage regulation (VI and V3) that allows battery voltages from 10 to 14 V. The high-voltage d.c.-d.c. converter PS 1 delivers 1 W at 750 V to the output stage. A system described by Wright and others (1990) has similar attributes. The principal differences in the present design are higher peak RF power (24 kW compared to 10 kW), lower repetition rate (512 Hz compared to 5 kHz) and lower power consumption (2.1 W compared to 22.5 W). Operating battery current is 180 mA and standby current is 5 mA. In 1990, on Trapridge Glacier, one 12 V alkaline lantern battery easily lasted the entire season. For the optical trigger link, we use the Hewlett-Packard plastic fiber "Versatile Link" visible-light system (Hewlett-Packard Company, 1987, p.8. 13-8.36 ). It has the virtues of being light, compact, inexpensive and mechanically robust. Using the new system, we completed an experiment on electromagnetic (EM) wave propagation that relies on the timing stability of our transistor-based pulser and the timing control and EM isolation afforded by the optical link. Theory predicts the existence of interface waves at the ice-air contact. Two of these waves, one propagating at CrCE � 170 m j.LS-l and the other at CAIR = 300 m J.I8-I, are thought to have l/Tl far-field behaviour (e.g. Annan, 1973; Jezek and others, 1978; Smith, 1984) . A third interface wave, propagating at some intermediate
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1. 0 velocity, may also exist (personal communication from J. R. Wait) and should have similarities to a Stonely wave (e.g. Ewing and others, 1957, p. 111-12) in acoustics. To our knowledge, this third wave has never been observed in glaciers. Objectives of our field trials on Trapridge Glacier were to seek this wave as well as to study the characteristics of the known ice and air waves. Figure 2 presents data that were collected on Trapridge Glacier in 1990. This glacier is sub-polar and, in the region studied, the 10 m ice temperature is typically -4°C and the ice thickness is 75 m. The objective was to examine in detail the nature of the EM direct wave which propagates from the transmitter to the receiving antenna and remains near the ice-air interface. For this experiment, the receiver antenna was set at a fi xed position, broadside to the transmitter antenna, and the separation distance between antennas was increased in 5 m steps from a minimum separation of 10 m to a maximum of 60 m. We used antennas of 4 m half-length, which gave a centre frequency of 12 MHz. By resistively loading the receiver antenna such that the received signals were halved in amplitude, we determined that the radiation resistance of our antennas was 50 f2. Our measurements were all made using a 50 n receiver antenna load. Data were collected by conditioning the receiver signals using a sampling time base Oones and others, 1989) and digitizing them to 14 bits using a QSI Corp. C-44 microcontroller. Data were logged on a PC compatible laptop computer. Use of the optical cable to provide simultaneous triggering of both the receiver and the transmitter ensured accurate relative timing of the recorded wave forms. In Figure 2 , the direct wave, commonly used for receiver triggering, is seen as a complex wavelet in traces of 10 m through 25 m separation. At separations of 30 m or greater, the wavelet can be resolved into two distinguishable wavelets (denoted SI and 82) travelling at phase velocities of 300 m j.LS-l and 168 m j.LS-1, respectively. The former is the expected speed of an electromagnetic wave in air and the latter is the expected speed in ice. The air wave shows a 1/,2 attenuation with distance, suggesting that it is losing energy to a head wave in ice as it propagates along the surface. For the air wave, both the propagation velocity and far-field characteristics are consistent with theoretical expectations. Close examination of the ice wave, however, reveals a l/r amplitude attenuation with distance rather than the expected 1/,2 dependence. We believe that this observ ation indicates that present understanding of the EM interface waves is incomplete. The observed l/r depen dence is suggestive of radiative propagation in an unbounded medium; evidently, the ice wave resembles a propagating body wave with energy being guided beneath the air-ice surface. Lastly, we fi nd no evidence for the existence of a true surface wave travelling at a velocity intermediate between that of ice and that of air. In a similar experiment, Jezek and others (1978) observed the propagation of an air wave but not that of a direct wave travelling through ice.
Agassiz Ice Cap, Northwest Territories
The low-power consumption, high-peak RF power and compact design make it simple to combine the transmitter with a standard digital oscilloscope and lap top PC to assemble a portable and inexpensive digital radar system. Narod and Clarke: Instruments and methods 600 m. The data were collected by E. D. Waddington, using a linear transceiver array towed behind a one person snowmobile. Centre frequency for the antennas was 5 MHz. Data were logged with a Tektronix 222 digital oscilloscope and lap top PC. As in the Trapridge Glacier example, signal quality is high; the transmitter pulse is uncluttered, bottom echoes are sharp and internal layering is clearly revealed without requiring signal enhancement.
CONCLUDING REMARKS
The high performance of the transmitter can, in part, be attributed to careful lay-out of components on the printed circuit board. It is doubtful that a "bread-boarded" rendition would function satisfactorily and careless lay out of a printed circuit board might also cause problems. Those interested in acquiring copies of our circuit graphics or the board itself are invited to contact us.
Anyone intending to contruct or use the pulse generator described in this paper should be warned that the pulser is capable of causing injury. Even though the mean power consumption is low, the peak power presents a significant RF hazard, capable of causing serious burns. An operating pulser should not be touched on its output terminals and should only be used with an insulated antenna. Fig. 3 . A common-off set record section taken using the new pulse generator on Agassi� Ice Cap. Centre frequency was 5 MH�. A counter wheel triggered a recording every 22 m of travel, as the antennas and instruments were pulled behind a snowmobile. Total section length is 5.0 km and record duration is 9 J.LS. An approximate depth scale (right ordinate) is obtained by assuming a constant propagation velociry of 170 m jl.S-l. The uniform band of energy from 0 to 1.6 J.LS is the direct wave (T) that propagates from the transmitter antenna to the receiver antenna which were separated by 27 m. Bands of energy (I) off er evidence for internal layering. The bottom reflections (B) rangingfrom 1.6 to 7.5 jl.S indicate extreme subglacial topography that produces reflection cusps and diifractions. The near-surface irregularity appearing at 1.B km is energy scattered from a nearby weather station and its associated cables.
